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Titanium dioxide (TiO2) nanotubes are appealing to research communities due to their excellent functional
properties. However, there is still a lack of understanding of their mechanical properties. In this work, we
conduct molecular dynamics (MD) simulations to investigate the mechanical behaviour of rutile and
amorphous TiO2 nanotubes. The results indicate that the rutile TiO2 nanotube has a much higher
Young's modulus (800 GPa) than the amorphous one (400 GPa). Under tensile loading, rutile
nanotubes fail in the form of brittle fracture but significant ductility (up to 30%) has been observed in
amorphous nanotubes. This is attributed to a unique ‘repairing’ mechanism via bond reconstruction at
under-coordinated sites as well as bond conversion at over-coordinated sites. In addition, it is observed
that the fracture strength of rutile nanotubes is strongly dependent on their free surfaces. These findings
are considered to be useful for development of TiO2 nanostructures with improved mechanical properties.1. Introduction
TiO2 is a multifunctional semiconductor material with a large
refractive index,1 high energy conversion efficiency2–5 and high
photocatalytic activity.6–9 Nanosized TiO2 has also demon-
strated unique physical and chemical properties. For example,
owing to the quantum-size effect,10 the energy gap between the
conduction and valence bands of TiO2 nanoparticles exhibits
a blue shi,11 as compared to bulk TiO2.12 Different opto-
electronic properties have also been observed for TiO2 nano-
tubes.13 TiO2 with distinctive nanostructures were synthesized
by various methods.14–16 Recently, TiO2 nanotube arrays have
demonstrated great potential for applications in sensors,17 dye-
sensitized solar cells,18,19 drug delivery and tissue engi-
neering.20–23 To take full advantage of the superior electrical and
biomedical properties of TiO2 nanotubes, it is critical to main-
tain the mechanical integrity in relevant structures and devices.
A better understanding of the mechanical performance of TiO2
nanotubes is essential. Recently, nanoindentation technique
has been adapted to explore the mechanical behaviour of TiO2
nanotube arrays.24,25 Signicant densication and fracture of
nanotubes were observed in these experiments. Hirakata et al.
proposed a stress-based fracture model to estimate the fracture
strength of TiO2 nanotube arrays.26cal Engineering, Science and Engineering
gy (QUT), Brisbane, QLD 4001, Australia.
lege of Aerospace Engineering, Chongqing
hemistry 2016For individual TiO2 nanotubes, owing to nanoscale dimen-
sions, it is still a challenge to experimentally evaluate their
mechanical properties, and corresponding deformation and
failure mechanisms. On the other hand, atomistic simulations
provide an alternative approach. In this work, we conductedMD
simulations to investigate the mechanical properties (i.e.
Young's modulus, fracture strength and yield strength), and
deformation and failure mechanisms of individual TiO2 nano-
tubes. The effects of crystal structures and geometrical param-
eters on the mechanical properties of single TiO2 nanotube
were also discussed.2. Simulation methods
TiO2-nanotubemodels with different geometrical parameters (i.e.
inner radius and wall thickness) and microstructures (i.e. rutile
crystal and amorphous) were built by seamlessly wrapping TiO2
thin lms in a self-programmed code, as shown in Fig. 1. Such
code implements the spatial transformation method to convert
thin lms into nanotubes. The axis of rutile nanotube is aligned
with [001] direction. The geometrical parameters of these TiO2-
nanotube models are listed in Table 1. It is found that there are
minor differences between the thicknesses and inner radii of thin
lms before wrapping and corresponding nanotubes. The
nanotube lengths in all simulation models were chosen as
30 nm. Periodic boundary conditions were applied to all simu-
lation models along the length direction.
The amorphous structure in the TiO2 models was achieved
via a melt-and-quench procedure, which is very popular for
formation of amorphous solids.27,28,32 Firstly, rutile TiO2 thin
lms were melted from 300 K to 10 000 K under the Nose´–RSC Adv., 2016, 6, 28121–28129 | 28121
Fig. 1 (a) Schematics of TiO2 nanotube wrapped from TiO2 thin film; (b) TiO2 nanotube with rutile structure and (c) TiO2 nanotube with
amorphous structure. (c) also illustrates nanotube inner radius Rin and wall thickness h.
Table 1 Geometrical parameters of TiO2 nanotubes with rutile and amorphous structures
Rutile Inner radius Rin (A˚) Thickness h (A˚) Amorphous Inner radius Rin (A˚) Thickness h (A˚)
No. 1 7.6756 8.56510 No. 1 7.27395 10.07025
No. 2 7.4366 13.6460 No. 2 7.19950 14.7030
No. 3 7.2829 18.5438 No. 3 6.88030 19.7068
No. 4 26.575 13.7300 No. 4 25.3300 14.7000
No. 5 37.475 13.1100 No. 5 36.6850 14.3800
No. 6 48.420 13.2900 No. 6 47.4650 14.1600
Table 2 Potential parameters of MA potential
Ion A (A˚) B (A˚) C (A˚3 kJ1/2 mol1/2)
Ti 1.1823 0.077 22.5
O 1.6339 0.117 54.0
RSC Advances Paper
Pu
bl
ish
ed
 o
n 
10
 M
ar
ch
 2
01
6.
 D
ow
nl
oa
de
d 
on
 0
9/
18
/2
02
0 
04
:0
1:
40
. 
View Article OnlineHoover NVT ensemble.29,30 Aer reaching to 10 000 K, the Nose´–
Hoover NPT ensemble29,30 with a constant pressure of 1 bar was
performed to further equilibrate the system. Then, rapid
quenching at a rate of 4.85  1013 K s1 was applied to the TiO2
thin lms under the Nose´–Hoover NVT ensemble until 300 K.
The nally obtained simulation models, which are equilibrated
under the Nose´–Hoover NPT ensemble at 300 K, indicate that
atomistic structures of amorphous TiO2 thin lms are approx-
imately independent of quench rates in the range of 1012 to
1014 K s1. Hence, only one quench rate was considered here.
Matsui and Akaogi proposed a pairwise potential (MA poten-
tial), which is derived from typical Born–Huggins–Meyer (BHM)
potential,31 for the simulations of TiO2 materials.33 Numerous
computational studies have demonstrated that MA potential can
accurately describe geometries and properties of TiO2 crystal (i.e.
rutile, anatase and brookite) as well as amorphous TiO2 struc-
tures.33–36 It has also been applied to simulations of both nano-
phase solid TiO2 (ref. 37) and nanophase liquid TiO2.38
Comparing different potentials for TiO2 simulation, Collins
et al.39 pointed out that MA potential is the most suitable one for
TiO2 simulation. TheMA potential is also a type of ionic model, it
includes Buckingham interaction (rst and second terms in eqn
(1)) and pairwise coulombic interaction (third term in eqn (1)),
which can be expressed in the following formula:33,37,38
U

rij
 ¼ f Bi þ Bjexp
 
Ai þ Aj  rij

Bi þ Bj
!
 CiCj
rij6
þ qiqj
rij
(1)
where rij is the distance between ions i and jwith their charges qi
and qj, respectively; Ai, Bi and Ci are tting parameters, and
depend on Ti or O ion; and f is a standard force of 4.184 kJ A˚1
mol1. Compared to typical BHM potential, an attractive term
DiDj/rij8 (Di and Dj are tting parameters) is excluded in MA28122 | RSC Adv., 2016, 6, 28121–28129potential. All the potential parameters are adapted from
previous simulation studies,33,37,38 and are listed in Table 2. Ti
and O ions are assigned with constant partial charges of
qTi ¼ +2.196 and qO ¼ 1.098, respectively. In our MD simula-
tions, the ratio of Ti and O atom numbers was exactly 1 : 2 to
keep all models' charge neutral. In this work, the cut-off
distances for both Buckingham and pairwise coulombic inter-
actions were chosen as 8.0 A˚.
All MD simulations were carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)40
with the MA potential, which has been used for simulating
mechanical properties of nanomaterials in our previous
works.41–43 TiO2-nanotube models were rstly relaxed to
a minimum energy state using the conjugate gradient energy
minimization method until the maximum atomic force was
brought below 108 eV A˚1. Tensile loadings were then carefully
applied by stretching nanotube models along their longitudinal
directions at a strain rate of 0.1% ps1 and with a time step of
0.5 fs. The Nose´–Hoover NVT ensemble was performed to
maintain nanotube models at 300 K. Since the dimensions of all
nanotube models are large enough to satisfy the thermody-
namic limit, the virial theorem44,45 can be used to evaluate the
atomic stress and determine stress–strain (s–3) curves under
tensile loadings. Specically, the atomic stress can be expressed
as:This journal is © The Royal Society of Chemistry 2016
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mavai v
a
j þ
X
b¼1;n
rab
j fab
i
!
(2)
where saij is the virial stress of atom a; U
a is atomic volume of
atom a; ma is atomic mass of atom a; vai and v
a
j are velocities of
atom a along i and j directions; rab
j is the distance between
a and b atoms along i direction; fab
j is the force applied by atom
b on atom a along i direction. All atomistic structures and
deformation of TiO2 nanotubes were visualized by the open-
source ATOMEYE package.463. Results and discussions
3.1. Structural characteristics of crystalline and amorphous
TiO2 nanotubes
The structural characteristics of rutile and amorphous TiO2
nanotubes obtained at 300 K have been compared with bulk
rutile TiO2 at the same temperature. Here, the bulk rutile TiO2
model was built with the dimensions of 10 nm  10 nm  10
nm and applied with periodic boundary conditions along all
directions. As observed in radial distribution functions (RDFs)
(Fig. 2), bulk rutile has two obvious sharp peaks within the bond
cut-off radius of RTi–O ¼ 3.0 A˚.34 These two peaks correspond to
two different Ti–O bond lengths (1.9486 A˚ and 1.9802 A˚) in rutile
TiO2, in agreement with the experiment.47 In Fig. 2(a), the RDFs
of rutile nanotubes have more small sharp peaks comparedFig. 2 Radial distribution functions (RDFs) g(rTi–O) of Ti–O pairs in (a) rut
bulk (a-bulk) and amorphous nanotubes (a-ru-no. 1–6).
Fig. 3 Coordination number distribution in rutile bulk (ru-bulk) and nano
atom as the center atom (Ti–O) and (b) O atom as the center atom (O–
This journal is © The Royal Society of Chemistry 2016with that of bulk rutile TiO2, within the cut-off radius of RTi–O ¼
3.0 A˚. Here the peak sharpness can be attributed to the crys-
talline arrangement of rutile nanotubes. And more sharp peaks
result from a large number of under-coordinated Ti and O
atoms on the existing free surfaces of nanotubes, which have
different Ti–O bond lengths from those inside nanotubes. The
RDFs of rutile nanotubes are also insensitive to the nanotube
wall thickness and inner radius, indicating little variation of
bond length distribution.
In contrast, smooth RDF peaks are observed in amorphous
TiO2 (bulk and nanotubes), as shown in Fig. 2(b). Generally, it is
difficult to estimate the accurate atoms distributions in amor-
phous material. Petkov et al.48 investigated the atomic structure
of amorphous TiO2 by electron and X-ray diffraction. They
found that the rst smooth peak in RDFs of amorphous TiO2
centered at around 1.96 A˚. Our simulation also indicates the
rst smooth peak in RDFs located around 1.96 A˚, conrming
the validation and accuracy of current models. Smooth peaks
observed in RDFs are common for amorphous materials.49–53
The smooth peaks for amorphous nanotubes can be well
explained by the disordered reconstruction of both inner and
surface Ti–O bonds during amorphization, which have wide-
range bond length distribution. In addition, Fig. 2(b) also
indicates the RDFs of amorphous nanotubes are independent
of nanotube sizes.ile bulk (ru-bulk) and rutile nanotubes (ru-no. 1–6), and (b) amorphous
tubes (ru-2, 4, 6), and amorphous TiO2 nanotubes (a-2, 4, 6) with (a) Ti
Ti) at 300 K.
RSC Adv., 2016, 6, 28121–28129 | 28123
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View Article OnlineWe also investigated the coordination number distributions
of both Ti and O atoms in rutile and amorphous TiO2 nano-
tubes, kTi–O (Ti as the central atom) and kO–Ti (O as the central
atom). As shown in Fig. 3, only coordination number kO–Ti ¼ 3
and kTi–O ¼ 6 exist in rutile bulk TiO2, which is in accordance
with Ti3O6 unit cell of rutile. In rutile nanotubes, the fractions
of kO–Ti ¼ 3 and kTi–O ¼ 6 decrease and the fractions of under-
coordination numbers such as kO–Ti ¼ 1, 2 and kTi–O ¼ 3
become non-zero. This is due to that the structure of rutile
nanotube gets truncated by the free surfaces, causing many
under-coordinated atoms on the free surfaces. To achieve
energy minimization, these under-coordinated Ti or O atoms
tend to interact with nearby O or Ti atoms, causing distortion
and reconstruction of surface microstructure. In amorphous
TiO2 nanotube, the fractions of kO–Ti ¼ 3 and kTi–O ¼ 6 decrease
more as compared to rutile nanotube. This is because that
a number of under-coordinated and over-coordinated atoms are
introduced to the amorphous TiO2 nanotubes, resulting from
the amorphization process. The corresponding non-zero coor-
dination numbers (e.g. kO–Ti¼ 2, 4 and kTi–O¼ 5, 7) are shown in
Fig. 3. The mean coordination numbers kTi–O¼ 5.89 and kTi–O¼
2.88 are in good agreement with those in previous results.48,523.2. Mechanical properties of crystalline and amorphous
TiO2 nanotubes
To understand the mechanical performance of rutile and
amorphous TiO2 nanotubes, s–3 curves under tensile loadings
are analyzed in Fig. 4. From these s–3 curves, we can see
approximately linear behavior when the strain is in the range of
0–3%, where the slopes denote the Young's moduli of TiO2
nanotubes. For rutile nanotubes (Fig. 4(a)), their Young's
moduli are insensitive to inner radius and thickness (about 800
GPa). The modulus of rutile TiO2 nanowires estimated by MD
simulation is about 688 GPa.54 Normally, the signicant free-
surface effect due to large surface-to-volume ratio can lead to
much higher Young's moduli of nanostructured materials than
those of bulk counterparts.55,56 Hence rutile TiO2 nanotubes
possess larger surface-to-volume ratios due to the existence of
inner wall surface, thereby having a higher Young's moduli than
those of rutile TiO2 nanowires. For all amorphous TiO2 nano-
tubes (Fig. 4(b)), their Young's moduli (approximate 400 GPa) is
independent of inner radius and thickness, only half value ofFig. 4 Stress–strain (s–3) curves of (a) rutile and (b) amorphous TiO2 na
28124 | RSC Adv., 2016, 6, 28121–28129the rutile nanotubes. The decrease of Young's modulus is
associated with the structural disorder introduced during the
amorphization process, which has also been observed in other
materials.57,58 Under the tensile loading up to the critical (yield
or fracture) strain, the stress distribution in amorphous nano-
tubes is more non-uniform than that in rutile ones. This means
amorphous nanotubes contain more Ti–O bonds which cannot
efficiently bear external loading, and thus possesses lower
Young's moduli than rutile ones.
Considering the structure evolution during loading, rutile
nanotubes generate reversible elastic deformation within
a small strain range and no structural failure can be observed,
as shown in Fig. 5(a). Then, a drop of stress s occurs, triggered
by crack initiation in nanotube walls, as shown in Fig. 5(b).
Obviously, the fracture strength of rutile nanotubes, namely the
maximum stresses in s–3 curves (Fig. 4(a)), is determined by the
elastic limit before the crack initiation. The crack propagates
across the cross-section area of the nanotubes, as shown in
Fig. 5(c). Aer reaching fracture strength, the nanotube starts to
lose the load capacity until the complete failure, Fig. 5(d). As
shown in Table 3, the fracture strength of rutile nanotubes is in
the range of sf ¼ 28.55–62.58 GPa, which are greater than those
of rutile nanowires (10 GPa).54 Remarkably, except for rutile
nanotube no. 2, increase of the average inner and outer radii
(see Table 3) results in the enhancement of fracture strength.
This trend unveils the possible strong free-surface effect on
fracture strengths of rutile nanotubes. The atoms near the
surface of the crystalline nanotube reside in a local environ-
ment different from the interior, which can result in the non-
zero surface stress.59 With increasing the average radius, such
surface stress is reduced, leading to increased fracture
strength.60 Similar free-surface effect also appears in metal
nanowires, where non-zero tensile surface stress can enhance
their tensile yield stress.61,62
As shown in Fig. 4(b), all amorphous TiO2 nanotubes deform
elastically within the strain range of 0–10%. Different from s–3
curves of rutile nanotubes, however, signicant ductility (about
30%) is observed in their s–3 curves aer the yielding. The
corresponding yield stress sy and 3y are around 19 GPa and 10%,
respectively. Similar to the Young's modulus, the yield stresses
of amorphous nanotubes are lower than fracture strengths of
rutile ones. During yielding no obvious cracks can be observed
in Fig. 6(b). As shown in Fig. 6(c), the nanotube starts tonotubes at 300 K.
This journal is © The Royal Society of Chemistry 2016
Fig. 5 Snap shots of tensile deformation of rutile TiO2 nanotube no. 2 from (a) initially elastic deformation, (b) crack formation, (c) crack
propagation, to (d) total failure under the tensile strain range of 2–15%.
Table 3 Fracture strength (or yield stress) of TiO2 nanotubes
(GPa) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Rutile 40.95 28.55 36.63 45.34 54.37 62.58
Amorphous 18.60 18.91 18.18 18.65 19.28 20.15
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View Article Onlineexperience necking at about 30% strain. This is followed by nal
failure via shear deformation, corresponding to a failure strain
of about 45%, Fig. 6(d). As compared to rutile type nanotubes,
these amorphous nanotubes demonstrate signicant ductility.
Note that the fracture strength and yield stress obtained from
MD simulations are generally higher than those from experi-
ments.63 This is attributed to the large number of structural
defects in TiO2 nanotubes formed during synthesis process.
3.3. Deformation mechanisms of TiO2 nanotubes
3.3.1 Rutile TiO2 nanotubes. Fig. 7 shows the atomic
structure evolution of a rutile nanotube under tensile loading.
During initial elastic deformation, Ti–O bonds are stretched
and rotated without bond breaking. TiO6 octahedrons, which is
the basic building block of TiO2 are regularly arranged. When
the stress increases to the fracture strength (point A), some
defects (nanovoids) are initiated via bond breakings, as
observed in the atomic structure from inset A in Fig. 7(b). TheThis journal is © The Royal Society of Chemistry 2016arrangement of TiO6 octahedrons becomes disordered. Nano-
voids increase with loading, as shown in the inset B and inset C
in Fig. 7(b). Then, continuous bond breaking leads to the nal
failure, shown in inset D in Fig. 7(b). Similar fracture behaviour
has been observed in crystalline brittle materials such as gra-
phene and carbon nanotube. With increasing the tensile
loading, the C–C bond breaking triggers crack propagation and
fracture.63,64 The structural defects inside may act as the sites of
stress concentration and initiate the bond breaking.
3.3.2 Amorphous TiO2 nanotube. Fig. 8 shows the micro-
structural evolution of amorphous TiO2 nanotubes under
tensile loading. Different from rutile nanotubes, TiO6 octahe-
drons are randomly arranged within the nanotubes owing to the
amorphous nature. When subjected to tensile loading, the Ti–O
bonds experience stretching and rotation, and start to break
(inset A in Fig. 8(b)), accompanied by stress drop from the peak
in Fig. 8(a). It is interesting to note the signicant plastic
behaviour in the stress–strain curve. In contrast to the rutile
TiO2 nanotube, as shown in the insets B and C in Fig. 8(c),
nanovoids are initiated at different locations which are
considered to be pre-existing defects (e.g. under- and over-
coordinated sites) and newly-formed defects (bond-broken
sites). The coalescence of nanovoids (inset D and E in
Fig. 8(c)) results in the nal failure. Therefore, the under- and
over-coordinated Ti sites play an important role in the defor-
mation and failure mechanism of amorphous nanotubes.RSC Adv., 2016, 6, 28121–28129 | 28125
Fig. 6 Snap shots of tensile deformation of amorphous TiO2 nanotube no. 2 under the tensile strain of (a) 2%, (b) 12%, (c) 30% and (d) 50%.
Fig. 7 (a) Stress–strain (s–3) curve of rutile nanotube no. 6 and (b) bond breaking under tensile loading (insets A–D correspond to points A–D in
the s–3 curve).
28126 | RSC Adv., 2016, 6, 28121–28129 This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) Stress–strain (s–3) curve of amorphous TiO2 nanotube no. 6, and (b) evolution of atomic structure under tensile loading (insets A–E
correspond to points A–E in the s–3 curve).
Fig. 9 (a) Localized Ti–O bonds (highlighted by the blue circle), (b)
bond breaking under loading, (c) new bonds formation (highlighted in
green), and (d) repaired bonds.
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View Article OnlineNote that some newly-formed nanovoids disappear during
the tensile loading. For example, those nanovoids shown in
inset A in Fig. 8(c) disappear but other nanovoids emerge at
different locations, inset B Fig. 8(c). In other words, these
nanovoids can be repaired during deformation. To understand
this repairing mechanism, the evolution of Ti–O bonds with
loading is examined, as illustrated in Fig. 9. In a localized area
(point G, highlighted by the blue circle), the T–O bond shown in
Fig. 9(a) is broken under tensile loading, Fig. 9(b). This is also
accompanied by the formation of new bonds, shown in green in
Fig. 9(c). The nanovoid at point G can be repaired via the
formation of new bonds, as shown in Fig. 9(d).
The under-coordinated atoms in the amorphous TiO2
nanotube may contribute to such repairing mechanism.
Randomly organized Ti–O bonds in the amorphous nanotube
are stretched, rotated or broken under loading. On the other
hand, the under-coordinated O atoms or surface dangling O
atoms are inclined to react with nearby under-coordinated Ti
atoms, leading to the formation of new bonds. The breaking or
forming of bonds will change the local structure and atom
distribution, as well as the local stress and strain distribution.
For example, if a bond gets broken, this will release the tensile
stress to the section close to it. If this happens near a nanovoid,
it will cause the shrinkage of the nanovoid. This can benet the
formation of new Ti–O bonds across the nanovoid and theThis journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 28121–28129 | 28127
Fig. 10 (a) Atomic configuration of the amorphous TiO2 nanotube under tensile loading, (b) over-coordinated (7-fold) site, and (c) regular-
coordinated (6-fold) site. Solid blue lines represent the existing Ti–O bonds, and dashed blue line represents the broken Ti–O bond.
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View Article Onlinerepairing of it. The competition between the breaking and
formation of new bonds may delay the formation of nanovoids
with critical sizes required for brittle fracture, contributing to
the ductility observed in the s–3 curves. With the increase of
tensile loading, more nanovoids are formed but less are
repaired in amorphous nanotubes. In such case, the coales-
cence of neighboring nanovoids starts, and the stress begins to
drop gradually (Fig. 8(b)). When the tensile loading further
rising, the coalescence of a series of nanovoids occurs (inset D
in Fig. 8(c)), which leads to the total failure of amorphous
nanotubes, shown in inset E in Fig. 8(c).
The over-coordinated (such as 7-fold) Ti sites also attribute to
the ductility observed in the amorphous nanotubes. As shown in
Fig. 10, the over-coordinated sites can be converted into the
regular-coordinated (6-fold) Ti sites during tensile deformation,
which can create new bonds, increase strain energy dissipation
and ductility beyond the elastic limit.65 Since a small fraction of
over-coordinated Ti sites exist in the amorphous structure, the
breaking of excessive Ti–O bonds at those 7-fold coordination
sites enables the plastic deformation through such strain energy
dissipation process. Similar phenomena have been observed at
over-coordinated Si sites in amorphous silica glass.65–67 There-
fore, although the disordered structure of amorphous TiO2
nanotube lowers the Young's modulus, its under- and over-
coordinated atomic structure contribute to the ‘repairing’ and
‘conversion’ mechanism, which promotes new bond formation
and breaking, and associated strain energy dissipation and
ductility under loading.4. Conclusions
In present work, we have conducted MD simulations to investi-
gate themechanical behaviour of both rutile and amorphous TiO2
nanotubes, with a focus on the effects of geometric parameters
and crystal structure. The results demonstrate that rutile nano-
tubes have higher Young's modulus and fracture strength than
those of amorphous TiO2 nanotubes. This can be attributed to the
regular crystalline structure in the rutile TiO2 nanotubes.
However, amorphous TiO2 nanotubes surprisingly exhibit greater
ductility via a ‘repairing’ mechanism. In other words, the external28128 | RSC Adv., 2016, 6, 28121–28129loading can effectively promote bond reconstructions at under-
coordinated Ti sites and strain energy dissipation at over-
coordinated Ti sites, increasing the overall ductility. Further-
more, we nd that fracture strengths of rutile TiO2 nanotubes
strongly depend on their free surfaces. The decrease of induced
surface stress can render the enhancement of their fracture
strength.
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